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Keeping in view, the difficulties involved in securing 
a reliable, good undisturbed soil sample from the soft soil 
deposits, and, the advantages and reliability of the vane 
shear tests over the laboratory tests, two types of analyses 
of the vane shear test are developed in the present work to 
evaluate the deformation modulus of the soil. 

In the first analysis the normal pressures on the 
vane blades, at smaller rotations of the vane, are considered. 



The analysis is carried out by dividing the vane blade into 
a number of vertical strips. For more accuracy, the vane 
blade is further divided into a number of small rectangular 
elements, thus forming a mesh. This analysis is extended to 
square sampling tube, and the influence coefficient obtained 
The e last o- plastic analysis is done for square tube and the 
torque— rotation curve obtained-. 

In the second analysis, the soil in and around the 
vane forming a cylinder at a significant amount of the vane 
rotations is considered. The shear stresses acting on all 
the three surfaces of the cylinder are considered and an 
equation for the influence coefficient to measure the soil 
deformation modulus obtained. 

Knowing the linear . portion of torque-rotation curve 
the soil deformation modulus (E 0 ) can be evaluated from the- 
equation, 

P T 

k - -5 

S 3T. 9. I Q 

Values of the soil influence coefficients are' 
derived for different aspect ratios of vane (E/D), different 



depth to diameter ratios (H»/D) and different Poisson's ratios 

( 2 ) ), for the vane (both mechanisms). Similarly, Iq 

values are obtained for square tube. Fortunately Iq 

values are constant with depth for depths greater than 

1.5 to 5.0 diameters* They decrease with increasing Poisson's 


rat io 
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CHAPTER 1 


INTRODUCTION 


In spite of successful efforts to develop techniques 
intended to minimize the disturbance of sensitive cohesive 
soils in sampling operation, there exists much evidence 
indicating that the best of so-called ’undisturbed 1 samples 
of many clays do not reveal with desirable accuracy the actual 
mechanical properties of the various soil layers from which 
they are extracted. It is generally conceded that the stress 
changes associated with removal of soil samples from the ground 

must adversely affect the results of tests made on such samples, 

' 

and that distortions in the mineral skeleton will introduce 
relatively important changes in behaviour under stress (G-ray 195 
High sensitive clays, and the accompanying difficulties in 
preserving the soil structure, have been encountered chiefly ini 
alluvial (Skempton, 1948), lacustrine (Mar sal, 1957)‘and 
marine deposits (Gray, 1955 and Flaate 1965), while in many 
regions mantled by residual soils, the sensitivity of the 
materials does not appear to be sufficient to warrant much 
concern with regard to possible sample disturbances. 
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The undrained shear . strength of clay is usually 
determined in the laboratory on samples taken from different 
depths in the ground, particularly by unconfined compression 
test. The shear strength thus obtained increases only 
slightly with the depth under the soil surface. It is usually 
smaller than the shear strength- calculated from stability 
analyses, especially in the case of deep sliding surfaces* As 
mentioned above, this discrepancy may be due partly to the 
changes in the sample owing to the alteration of pressure 
conditions during extraction. As this discrepancy is more 
pronounced at greater depths than at small ones, the latter 
cause seems to be the more important one (Odenstad, 1948). 

These errors, especially that caused by the alteration 
of pressure conditions, are difficult to eliminate when the 
shear strength test is carried out on extracted samples. One 
way would be to re-cons olidat e the samples to the load that 
prevailed in the ground, before testing them. Unfortunately 
this method is rather time-consuming. Still worse, it is 
not quite reliable, because the sample will acquire a lower 
pore volume during the reconsolidation and, hence a higher 

cohesion than it has in the ground (Cadling and Odenstad, 1950). 

\ 

Thus this method is not satisfactory. Another way of avoiding 
the error is to determine the shear strength directly in the 
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ground by the vane shear test. 


The vane shear tool essentially consists of four thin 
rigid steel blades rigidly fastened to a centre stem . The 
top end of the stem is attached to the drill rod which in 
turn is connected to a torsion equipment. The vane is pushed 
into the soil gently, and rotated at a constant strain rate 
with the help of the torsion equipment. The torque-rotation 
curve is obtained while the test is in progress, and the 
maximum torque thus obtained is used in the following equation 
to measure the undrained shear strength (c u ) as, 



max 


n 


2 T~ 

,mr ^ EQr v 

+ ~r> 


(i.i) 


Several people developed techniques, to improve the 
reliability of the vane test results, to measure the strergth 
anisotropy, and to measure the sensitivity of the soils. All 
this work by different people is reviewed in chapter 2. 

Cadling and Odenstad (1950) have developed a technique by which 
it is possible to measure the soil shear modulus (&). This 
technique is highly inaccurate because of the crude assumptions. 

As there exists no reliable method to measure the 
soil deformation modulus, a technique is developed and presented 
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in chapter three. Firstly, very small rotations of the vane 
are considered. At this stage, only the normal pressures on 
the vane blades will be developed. These pressures are 
obtained using the condition of compatibility between soil 
and vane displacements. The normal pressures thus obtained 
are used to get the torque necessary for this small rotation. 
Finally, an influence coefficient is obtained with the help 
of which it is possible to measure the soil deformation modulus 
in drained as well as undrained condition, once the initial 
portion of the torque-rotation curve and the diameter of the 
vane used in a particular test are known. 

Each vane blade is divided into a number of vertical 
strips and the pressure on each vertical strip along the depth 
of the blade are assumed constant. The equation for the 
influence coefficient to measure soil deformation modulus 
is obtained. ' This technique is extended to the square 
sampling tube . For more accuracy, each vane blade is further 
divided into a number of small rectangular elements, thus 
forming a mesh, and the equation for influence coefficient is 
obtained. 

If a significant amount of rotation is reached while 
rotating the vane, the soil in and around the. vane starts 
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moving as a cylinder. Prom this fact, the idea of a cylinder 
rotating in the soil mass is conceived and a technique developed 
to measure the soil deformation modulus, which is presented in 
chapter four. 

The shear stresses on the top surface, the bottom 
surface and the periphery of the cylinder are considered. 

These stresses are obtained in a similar fashion to those 
obtained in chapter three. The torque necessary to generate 
these pressures is also obtained and finally an influence 
coefficient is given with the help of which it is possible 
to measure the field soil deformation modulus. 

The results of the above analyses for various aspect- 
ratios of the vane and square tube, for various depths and 
for different Poisson's ratios are presented and discussed 
and the important conclusions given in chapter five. The 
equations used to find the soil influence coefficients are 
given in the appendix. Pinally, this thesis ends with a list 


of references 



CHAPTER 2 


REVIEW OE LITERATURE 

2.1 Introduction 

The vane shear test was developed simultaneously in 
Sweden by John Olsen in 1928, and in Germany (1929). Little 
work was done on the vane until 1 947 » when the Swedish 
Geotechnical Institute designed several improved vanes and 
used them on numerous projects. Cadling and Ode ns tad (1950) 
published a comprehensive report on this work. About the 
same time Skempton (1948) in England, designed and used a 
vane borer and the British Army (1945 ) designed and used 
one for testing shallow layers. Since that time a number of 
publications covering vane testing have appeared, but all 
have based their actual testing on the original development 
of the Swedish Geotechnical Institute. 

2.2 Measurement of Undrained Cohesion : 

2.2.1 Description of vane (Figila) : 

Essentially, the vane shear tool consists of four 
steel blades, rigidly fastened to a centre stem. The top 
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end of the stem is machined to receive the drill-rod. In 
order to disturb the soil to be tested as little as possible, 
the blades must be thin and the stem small in diameter. The 
apparatus is not intended for use in hard or dense soils. 


2.2.2 Testing procedure and advantages : 


The shear test in this method is performed by 
driving a vane into the soil and rotating it, while the 
resistance to rotation is measured. The undrained shear 
strength (c u ) is calculated from the maximum torsional 
moment (T ) thus obtained. The equation relating these 
two is , 


T 

max 



( 2 . 1 ) 


where H and D are the height and diameter of the 
vane (FigXlGi) . Cadling and Odenstad (1950) introduced some 
assumptions in the development of the above equation : (i) the 
surface of rupture is a right circular cylinder having 
diameter and height equal to those of the vane, (ii) the vane 
is replaced by a rigid cylinder to which the soil adheres and, 
therefore, the stress distribution at maximum torque is uniform 
across the surface of rupture. 
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With this method, both types of errors mentioned in 
chapter 1 seem to be practically eliminated. The rotation 
of the vane requires less time than is usually allowed to 
elapse between driving and excavation of a sample tube, and 
also once the vane test has been performed, a saving of time 
can result from the fact that no sealing, marking and 
transportation of an undisturbed sample may be necessary nor 
need an unconfined compression test be performed except to 
secure comparative data. The real justification for such 
field vane tests resides in the greater reliability which the 
results appear to possess. 

2.2.3 Further work on vane test : 

Skempton (1948) has developed a technique to measure 
the remolded strength of clay in-situ by the vane test and 
has stated that, at all depths, the remolded strength as 
measured by the vane are approximately equal to the values 
obtained by compression tests. This clearly shows the 
disadvantages in testing the undisturbed samples. Hansen and 
Gibson (1949) assuming plane strain conditions and B/iD of 
vane as 1.5, have derived an equation for average vane strength 
as 

c y K Cos + K Sin % S f 
~P ^ 

1 + ( -j + — ) Sin $£ 


F 


( 2 . 2 ) 
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where, K = Coefficient of earth pressure at rest, 

$£ = True angle of internal friction, 

X = Compressibility ratio, and 
1 = a factor not differing greatly from unity. 

Hansen (1950) has conducted vane tests, cone tests, and 

quick shear tests on Norwegian quick clays, and has found that 

upto 15 metres depth all these test results agree with one 

another, and below 15 metres vane tests show substantially 

higher strengths than the other two. He has stated that the 

vane tests should very nearly be equal to the minimum strength 

developed by slides. Kjellman (1950) has conducted many tests 

on Swedish clays and stated that vane tests are more reliable. 

Gray (1955) has used a vane which during rotation develops a 

cylindrical surface and a conical surface at the bottom (Figi-lb) . 

Assuming constant shear stress on the cylindrical and conical 

surfaces, the equation for maximum torque (!___) will be, 

max 


T 

max 




+ t 

5i 



(2.3a) 


and, assuming constant shear stress on cylindrical surface 
and shear stress on conical surface proportional to the radial 
distance, the equation for total torque (T) will be, 
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I = M c 

where M = Resisting moment developed on cylindrical 
surface and is given 

"y M e = r max • 2 * S 2 1 (2 - 3c) 

= Shear stress, 
max ’ 

R = Radius of vane, 1 = length of 

rectangular portion of blade, and t = depth 
of conical portion. 

Vey (1955 ) has used two vanes of different lengths 
and same diameter to investigate the disturbance caused by 
the insertion of vane into the soil and has found that large 
vane values are less affected by the insertion because the 
disturbance is greatest near the centre of the vane. 

Marsal (1957) has brought out a new design in vane shear 
test in which the friction on the supports of the rods that 
connect the vane with the operation platform, is eliminated 
by measuring the torque at the lower end of the transmission 
system near the vane by using a torsion cell equipped with 
strain gauges. He also confirmed the advantages of vane 
shear test over unconfined compression tests. Sridharan and 
Madhav (1964) have showed from laboratory vane tests, the 


1 + 


' v R^ 


+ t‘ 


41 


(2.3b) 
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increase in strength, decrease in failure strain and increase 
in the sensitivity with the rate of rotation* Andersen and 
Sollie (1965) have designed a light ins pect ion vane for quick 
and easy measurements of the undrained shear strength of 
clays, in the field, the range of the instrument being 0 to 
20 t/m^. Hall and Miller ( 1 965 ) > in their tests on 30” long 
undisturbed samples, have observed the variation of strength 
from top to bottom- Sibley and Yamane (1965) have developed 
a hand operated torsional vane shear device which has eight 
blades. It can be used both in the field and in the laboratory* 
A calibrated dial is provided on top of the handle which 

p 

converts the torque into T/ft directly. They have also 
introduced three vane adapters, one for very soft soils, 
another for soft, soils and the third one for stiff clays. 

Lo (1970) has suggested that a small vane can be conveniently 
used to determine the intact strength of fissured clay if the 
clay is not strongly anisotropic- Kout soft as, Demetrious and 
Fisher (1976) have found a relation between in-situ undrained 
strengths from field vane and cone penetrometer soundings as 



(16 + 3) 



(*r) 


where q = cone bearing capacity, 

V ** 


(2.4) 
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S u = field vane undrained strength, 
(fv) 


Wilson (1950) has developed an interesting technique 
to obtain the in— situ shear strength of soil with the help 
of square sampling tube (Big.2/1 *c) » Here the torque-rotation 
curve is obtained in a similar fashion to the one from vane 
shear test. This technique has the advantage of measuring 
in-situ strength and obtaining good undistrubed sample 
simultaneously. The equation for shear strength given by 
him, is 



6 

21 B 2 1 


T 


(2.5a) 


and for a square tube with B = 2" & 1 = 24", 


c u -s 5.2 T (T in ft - lb) (2.5b) 

(I = length of tube, B = width of tube 
in inches in inches 

and c^ is in kips per sq.foot) 

2.3 Measurement of Strength Anisotropy : 


Aas (1965), using vanes with different shapes, has 
presented a method for approximate determination of the 
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ratio between the undrained shear strength acting along 
horizontal (Sg) and vertical (S v ) failure surfaces. He has 
found the ratio S„/S ir to be 1.1 in the case of over consolidated 
clays and between 1.5 and 2.0 in the case of normally consoli- 
dated clays. Rlaate (1966) has pointed out the necessity of 
using two or more vanes with different dimensions at each depth 
of test to separate the horizontal and vertical shear strengths 
and suggested an equation relating torque at failure (T.) to the 
shear strengths in the horizontal (S^) and vertical (Sy) 
directions, as 



3H 

D 


s Y + 




( 2 . 6 ) 


This is similar to the one given by Cadling and 
Odenstad, when S H = Sy. Madhav and Roy (1970), using 
rectangular and trapezoidal shaped vane blades, have found 
a method to determine the shear strength anisotropy of a soil 
and the undrained cohesion of the clay in any direction. 
Northwood and Sangrey (1971) have investigated the strength 
anisotropy of peat with vanes of varying shape and showed 
that strengths on the vertical plane could be 100^ higher than 
those on the horizontal plane and confirmed the draw back in 
using conventional vanes to interpret results. Menzies and 
Mailey (1976) have used diamond-shaped vanes of different 
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angles to measure the variation of shear strength with 
direction. If a diamond vane of angle a with the vertical vane 
axis of rotation is used, then soil will be sheared along a 
plane of angle a with the vertical direction. Assuming the 
; soil to be orthotropic, they have given an equation for the 
undrained shear strength (£a ) in the direction a as 

S a = S H + (S y - S H ) Cos a (2.7) 

where and Sy are the undrained shear strengths in horizontal 
and vertical directions respectively. This equation is similar 
to that used by Lo (1965) to represent the variation with 
direction of unconfined compression strength of a soft 
Welland clay. Bhaskaran (1971) has stated that the peculiar 
feature of the vane in contrast to other methods of shear 
tests is that here, the particles describe paths of motion 
in the horizontal plane, and hence the anisotropy indicated 
is likely to be different from that measured in the plane 
strain or triaxial tests. 

2.4 Measurement of Soil Deformation Modulus : 

Cadling and Odenstad (1950) have found a method of 
calculating Deformation Modulus from the torque-angle of twist 
relationship. If a cylinder of infinite extent and an elastic 
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soil mass are assumed it can be shown from considerations of 
equilibrium and elasticity that the deformation modulus is 
equal to one half the slope of the initial straight line 
portion of the shear stress-angle of twist curve. Since the 
cylinder tested is not infinite, the relationship is not 
exactly true. They have also shown that for a sphere rotated 
in an elastic soil mass, the relationship is 1/3 instead of 
1/2. The actual relationship, therefore, could be in between, 
but close to 1/2. Their analysis is carried out in the 
following way. 

In the two-dimensional calculation a rigid cylinder 
of radius r Q has replaced the vane and is extending throughout 
the whole of clay layer, in the axial direction (Pig. 2.2a) 
using elasticity and equation of equilibrium, one gets 

2 

T - (2.8) 

r 

where T = Shear stress at the surface of the cylinder 
(i.e. at r = r Q ), 

f"= Shear stress at distance r. 

Using modulus of rigidity G = 


9 
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equation: 2.8 becomes g = 


° * 

h 


(2.9) 


where ? = Shear strain at distance r, 
&*= Shear strain at r = r Q . 


The rotation^ (from Fig2.2b) is obtained as 
2 


U3 


= 1/2 


(2.10a) 


and thus <u> c = 1/2 


(2.10b) 


Finally, using the above equations, one gets, 


G- = 


Vo 


2 Ci r 


( 2 . 11 ) 


In the three-dimensional calculation, the vane is 
replaced by a rigid sphere (Figure 2.2b). A small volume 
element at the surface of the sphere is considered. Using 
the equations of equilibrium, assuming small deformations, 
and satisfying compatibility, the equation for shear modulus 
G is obtained as 


G = 




( 2 . 12 ) 


R 


where Wg, is the rotation of the sphere, and s = Shear 
stress at the equator of the sphere. 
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2.5 Drawbacks 'in the Vane Test : 

Jackobson (1954) has made a theoretical study of the 
field vane test, the laboratory vane test, and the unconfined 
compression test and showed that the unconfined compression 
test gives higher values for the shear strength than the vane 
test in normally consolidated clays to depths of 10 to 15 
metres. This is further confirmed by Plaate (1965). In some 
investigations, it has been found that vane tests give unex- 
pectedly high values for the shear strength when checked against 
stability analysis. Golder (1962) and Eden (1965) have found 
that vane tests in dilatant soils could give erroneous values 
for the shear strength. This is based on the fact that 
negative pore water stresses, induced during shear deformation, 
would temporarily increase the effective stresses and give 
apparently high values for the shear strength. Eden (1965) 
has also shown that the vane tests in over consolidated clay 
are not reliable. Bazzett, Adams and Matyas (1961) have 
found that the values of vane tests in the fissured sensitive 
marine clays near Ontario, Canada, have resulted in factors of 
safety on the unsafe side involving errors as great as 70%. 
Delory & Salvas (1969) have found that vane tests in Canadian 
silty clays tended to underestimate the strength required for 
stability. Plaate (1966) has concluded that neither field 
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vane -nor any other undrained shear strength tests measures 
a'true shear strength' . He has further stated that the 
assumption with the vane tests, such as, 'change in original 
stress conditions and amount of remolding of soil involved have 
no influence on the vane test results', are not always correct. 

Among the shortcomings of the vane are stress 
concentration at edges, unknown stress conditions in the soil 
surrounding the vane, blade friction effects (Gauze, 1963), 
and the unanswered questions concerning the shape of the 
failure surfaces and the width of the strain zone (Kenney 
and Landva, 1965). Lodd (1967) has stated that there is a 
severe rotation of the principal stresses in a vane test. 

This orientation is likely to be both in the vertical and 
horizontal failure surfaces and is likely to be highly 
complex. Kenney and Landva (1965) and Haefeli (1965) have 
stated that soil resistance against vane shear is very 
sensitive to rates of strain especially at lower rates of 
shear. Bjerrum (1973 ) has stated that an undrained analysis 
based on conventional vane strength does not lead to a correct 
estimate of the safety factor for all types of clay. Aas(1976) 
has stated that for low- plastic Norwegian clays this discrepancy 
is due to the pronounced anisotropic behaviour of the undrained 
shear strength. He has also observed that an uncritical use 
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of the vane strength, when -it exceeds a value corresponding 
to about 0.2 times the effective overburden pressure, leads 
to an over estimation of the stability conditions and thus to 
unsafe design. 

2.6 Ways to Improve the Reliability of Vane Results : 

Rlaate (1966 ) has suggested the following points to 
improve the reliability of vane test results : The test 
has to be calibrated to the different types of problems that 
o.ne deals with, every time the test has to be performed in 
the same way, the vane should be carefully installed, same 
delay before the test is started (Preferably not more than 
five minutes after installation), same rate of strain should 
be used (0.1 deg/second seems to be satisfactory), the actual 
vane dimensions should not vary too much (H/D =2.0 with 
D 2.5" & H st 5" are considered reasonable), the area 
ratio of the vane should be kept as low as possible (preferably, 
15%), the results should be interpreted in the same way 
every time. He has also suggested the necessity of taking 
samples from the soil deposit where the vane tests are . 
conducted, because knowing the physical properties will help 
to- study the significance of the vane test in different types 
of ©lays. lory and Salvas (1969) have stressed the importance 
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of knowledge of past and present in-situ stress conditions to 
appraise fully the shearing strength obtained. Lo (1970) 
has suggested that a small vane should be used to measure the 
intact strength of fissured clay if the clay is not strongly 
anisotropic. Northwood and Sangrey (1971) have studied the 
variation of shearing strength with vane size in organic soils 
and suggested 10 cm as the optimum diameter of vane-. 

The above review indicates that there exists no 
method to obtain the undrained modulus from vane test results. 
A method to estimate the same is developed in the following 
chapters . 



CHAPTER 3 


• ANALYSIS POR VANE AND SQUARE TUBE , MECHANISM I -SMALL ROTATIONS 

3.1 Introduction* 

Ihen a vane is pushed into the soil and torque 
is applied at a constant strain rate, the vane blades 
exert normal pressure on the soil very next to them. At 
the very beginning of rotation of blades, i. e., at very 
small rotations the soil surrounding the blades will be 
in elastic .state only. Here, the soil displacements and 
the corresponding vane displacements can be equated to 
satisfy compatibility and an expression for the normal 
pressures obtained. Once the normal pressures are obtained, 
the next step will be to use these to find out the torque nece 
ssary for that amount of rotation. The present work is 
intended to obtain an influence coefficient from which the 
soil modulus can be obtained, once the torque, rotation 
and the size of the vane are known. The assumptions in 
this are s 

(i) The soil is homogeneous, isotropic and linearly 
elastic,' 

(ii) The vane blades are smooth, 

(iii) The normal pressures on the vane blades are 
constant over the depth. 
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3*2 Analysis of, Vane by Vertical Strips? 

Each vane blade (Fig. 3*1) is divided into ’n* 
number of vertical strips. The pressure over each vertical 
strip is constant with depth but is a function of the 
distance from the centre of the vane. That is, pressure 
on the vertical strip near the vane centre is small and 
increases towards the edge of the vane blade. Each vertical 
blade is subdivided into * m' number of elements, and the 
number ’m' is so chosen that the pressure on each element 
is approximated as a concentrated load acting at the centre 
of the element. The displacements of the centre of each 
vertical strip of the first blade are considered. 


3*2.1 Soil displacements? 


The soil displacement ( -| jP^ ) at the centre of 
the ith vertical strip due to pressure (p^) on the . jth 
element on the 1st blade is given by? 


f . . = 

} 1.1 


D I 


13 


(30) 


where E_ is the soil deformation modulus, and I. . is 

S X J 

the influence coefficient obtained by integrating Mindlin's 
equations for horizontal displacements due to a concentrated 
horizontal force beneath the soil surface , D is the 
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diameter of the vane. The Mindlin's equationsare given 
in the Appendix. The influences of all blades are added up 
to get the soil displacement of point i, as: 





$ 

k=1 


(l iD } k 


(3.2) 


where is number of blades (usually four). It is noted 
that blade 3 would have pressures and displacements in the 
opposite directions to those of blade 1. The total displacement 
of point i due to forces acting on all the m x n elements in 
e&ch blade, is S J*± ant3 is given as: 

D n 

s/i = nr - 1 SI ij p j (3-3) 

5=1 

Th,e soil displacement vector J s f jis written as: 

iVj - 4r M W (3 - 4) 

where j g /Mand jp ]■ are column vectors of size n and fSIf 
is a square matrix of size n. 


3.2.2 Vane displacements: 

If the vane rotates through a very small angle A0 
the displacements of the points on the blades are: 





(for i<B ) 


(3.5) 
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where is the radial distance of the point i from the 
centre of the vane. The vane displacement vector is 
given ass 
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The Influence coefficient, Iq , is given by , 

T 2 H 


j) £>.9 jy> 
S 


n D 


4 -( k _1 K }) 1 {'1 


where 


* f ^ 

^r*j = j-^g — j , a dimensionless vector. 


( 3 - 12 ) 


If in a vane test, the torque T corresponding to a rotation 9 
from the linear portion of the torque vs rotation curve, is 
known, the soil modulus, , can be estimated using the 
known values of I@ obtained above. 


The equation for soil modulus, E 0 is ? 

s 


E, 


I « .It . 9 


(3.13) 


3*3 Analysis of Square Tube Sampler: 


Wilson (1950) has developed a technique to obtain 
the in-situ shear strength of soil with the help of a 
square sampling tube, while sampling is in progress. In this 
technique, the torque-rotation curve is obtained in a 
similar fashion to the one from Vane shear test. He has 
showed that with square tube sampler a good undisturbed 
sample can be taken. Keeping these advantages in view, 
the present work is extended to the square tube sampler. 

The pressures on the soil around the tube are as shown 
in Eig. 3-2. 
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The analysis in this case is similar to the analysis 
of vane, the only difference being in the coordinates. The 
coordinates of elements of the square tube with reference 
to those in the analysis by vertical strips (Pig. 3.2) are 
given be lows 


Pace ( 2 ) s 


P 

x = _ (XP + _ ) 
y= (-§ XQ ) 


Pace (3) s 


(3-14 a) 
(3-14 b) 



D 


(3.14 c) 


y = - (XP + Xq ) 


(3.14 d) 


Pace (4) ? 

x = XP - ~~ (3.14 e) 

y = - (XQ + 0.5 ) (3-14 f) 

where XP is the distance of points on the vane blade(l) 
from centre of vane and XQ is the distance of elements on 
vane blade (1) from centre of vane. 


The equation for the soil deformation modulus(E 0 ) is: 

s 


T 


E, 


2 

n 


H 


B 


ie b 3 e 

where B is the side of the square tube, I© is the influence 


/farl-1 r f *1 

(l SI J l r l) l r I 

(3-15) 
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coefficient obtained in the same way as in analysis of 
vane test hy strips, H is the height of the tube, n is 

the number of vertical strips into which . half the side 

of the tube is divided, |~SI ] is the soil displacement 
influence coefficient matrix of size n, r* is the column 
vector of the distances of the centres of 1 to n strips 
from a vertical line dividing the tube side in to two halves 

and -q — is the initial slope (linear portion) of the 

torque -rotation curve obtained from field vane test. 

3.4 Elasto-Plastic Analysis of Square Tubes 

As the vane is rotated in the soil medium, at some 
rotation the pressure on the strip (n) near the edge of the 
blade reaches yield value's. The pressures on the strips 
from edge towards the centre also reach yield values, gradually, 
during the progress of rotation of the vane. The stress- 
strain curve for the soil is shown in Pig. 5. 5a. The compati- 
bility condition will not be satisfied for elements which 
yield and slip is expected to occur. The analysis based 
on elasticity can be done to those strips on which the 
pressures do not reach yield values. 

If the pressure on the nth strip reaches yield 
value satisfying compatibility for the elements 1 to (n-1), 
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Eq. 3*7 becomes? 


— 


— 

si 1? -| 

SI 1,2. 

SI 1, n -1 

SI 2,1 

SI 2 2 * ° ° ° 

SI 2,n-1 

SI n-1,1 


, 4 

• SI n-1,n-l 


p n-f 


J 


p -/ E s 

p 2 /e s 


r= 1 


p n-1 


■J 


•1 

* 


? > A9 , 


■n-1 


( 3 . 16 ) 


The pressures, p^/Eg, P 2 /S s • • • * -vr~— can be obtained as: 
P 


* -40 


r _i , r 

= SI / \*< 

J l j 


( 3 . 17 ) 


Torque (T) needed for generating these pressures will be, 


T 


(, 


E g D" 


-m 


- 1 f '|/ T U) [^9 + -a-e U) (, n ) 

(3.18) 

where A is the area of each strip and p„/S_ is the yield value 

°u H o 

of pressure at strip n= -5—, c = undrained cohesion, 

TP TK U 

"“s 

h c =bearing capacity factor = 9 for depth greater than five 
diameters. Similarly, if the pressures on strips n- 2 , n- 3 «..n-i 
reach yield values then the equation for torque will be: 


T 


n-i n /„ to- 

Pj/AA* r^ + 1 j c 


2 

4=1 


\ 


E. 


AA. r^ 


jaYi-i+1 \ _ s 

Thus the torque vs rotation curve can be obtained. 


( 3 . 19 ) 


3.5 Analysis of Vane Test by Mesh: 

In this analysis the normal pressures on the 
vane blades are not assumed constant over the depth, and 
the analysis is carried out in the following way with the 
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assumptions s (i) the soil is homogeneous, isotropic and 
linearly elastic and (ii) the vane blades are smooth. 

Each vane blade is divided into n parts in each 
direction, thus making a mesh of n x n rectangular blocks 
(Fig. 3*3). Each block is subdivided into m x m number of 
rectangular elements. The normal pressure on each of these 
elements is approximated as a concentrated force acting 
at its centre, and the displacements of the centres of all 
the rectangular blocks in the first blade are considered. 



( 3 - 22 ) 
(3- 23) 



CHAPTER 4 


ANALYSIS POR VANE, MECHANISM II-CYHNIER 

4*1 Introduction! 

As the vane is rotated in the soil medium a 
cylindrical surface starts forming in the soil. In this 
analysis the vane is replaced by a rigid right circular 
cylinder of the same diameter and height as those of the 
vane. Here the pressures are developed on all the three 
surfaces of the cylinder. The displacements of the cylinder 
in the angular direction and those of the soil surrounding 
the cylinder are calculated and equated for compatibility. 
Prom these, the equations for pressures on top surface 
periphery and bottom surface of the cylinder are obtained. 
Then, these pressures are used to find the torque necessary 
to generate them. Pin ally, an equation for the soil 
deformation modulus is derived . 

The assumptions in this analysis sne the soil is 
homogeneous, isotropic and linearly elastic. 

4*2 Analysis! 

The top and bottom surfaces of the cylinder (Pig.4«l) 
are divided into ’m* number of annular rings and each ring 



31 


is further divided into *n’ number of parts in the 
circumferential direction. The periphery is divided into 
’1' number of rings and each ring is further divided into 
*n’ number of parts. As shown in Fig. 4>1 the displacements 
at the centres of each ring are considered. 


4.2.1 Displacement si 


(a) Top surface of soil adjacent to top surface of 
cylinder! 


(i) Top surfaces The centre of any ring 
is designated by i (Fig. 4*1) and the centre of any element 
on the top surface is designated by j. The soil displacement 
of i due to pressure (p^) on element 3 is given bys 


s 



P. 


E 


s 


.D. I ± . 


(4.1) 


and the displacement of i due to all elements in any ring is! 



ij 



n 

i 

n i =1 


(l ij } ni 


(4.2) 


Then, the’ displacement of i due to all elements of the 
top surface is i 


The 


D 

s> ' 1 = 17 

soil displacement 


m n 
j=1 n ± =1 

vector for the 


^ij ^ni 


x P. 


(4.3) 


points 0 




\J * * 


. ; .r fiK 

l 



Acs. No. 



surface due to all elements of the top surface, is given Toys 


\sJ Tt]~ ” [ SI Tl] • f P 'lj 


(4.4) 


where |sirjnr^| is the soil influence coefficient matrix( m x m ) 
for points 1 to m of top surface due to element's of the top 
surface, and ^p^is a row vector of size m of pressures on 
top surface. ■ 

(ii) Periphery t 

Similarly the displacements vector ^s/icj of all 
points of top surface due to all elements of the periphery is 
given by; 




D 




l SI Tc] | P c( 


(4.5) 


where Slr^j is the soil influence coefficients matrix(m x l) 
for points of top surface due to elements of the periphery and 
p c is a column vector of size 1, of pressures on periphery. 


(iii) Bottom surface; 

Similarly the displacements vector aP -^- P°f n fs 

of the top surface due to all elements of the bottom surface 
is given by; 

js Al 

where, is the soil influence coefficients matrix ( m x m) 

for points of top surface due to elements of the bottom surface, 
and ^p B | is a column vector, of size m, of pressures on the 
rings of the bottom surface. 

(b) Potation of points of the top surface of the 
cylinder .( 0 ) s 

The rotation of points. 1 to m of the top surface 
of the cylinder is given as; 

fo -Pi} = f r 'I^ 9 



(4.7) 
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Now equating the soil displacements of points of the top 
surface and the rotations of points of the top surface 
of cylinder for compatibility i 



Working on the same lines, one can obtain the 
equation of compatibility for points on the periphery, as; 






( 4 . 9 ) 


= soil influence coefficients matrix ( 1 x m) 
for points of periphery due to all elements of 
the top surface, 

■* soil influence coefficients matrix( 1 x 1 ) 
for points of periphery due to all elements 
of the periphery, and 

= soil influence coefficients matrix ( 1 x m) 
for points of periphery due to all elements 
of the bottom surface , and 
= a column vector of size 1 of the radial 

distances of points of periphery from the ■ 
vertical axis of the cylinder. 
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(d) Bottom surface? 

Similarly for points of bottom surface, one can 

obtain? 


|r B j,A e - Eg [ SI Bl] { p t} + t SI Bc] f p cj + [ SI Bb] { p c| 

( 4 . 10 ) 


where , 






soil influence coefficients matrix ( m x m) 
for all points of bottom surface due to 
all elements of top surface, 
soil influence coefficients matrix ( m x 1 ) 
for all points of bottom surface due to all 
elements of periphery, 

soil influence coefficients matrix ( m x m ),for 
all points of bottom surface due to all elements 
of bottom surface and 

a column vector of size m, of the radial 
distances of the points of bottom surface 
from the centre of the bottom surface. 


4.2.2 Pressures? 


Equations 4*7, 4*8 and 4*9 can be combined in the 
following fashion to solve for pressures jp^j ,-(p G ]- 311(3 

M ! 


|e} x A 6 


E. 


M 


x 




(4.11) 
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from equation (4.11) , p oan be obtained as; 



( 4 . 12 ) 



Prp , p 0 and p B can be separated as; 
® [a t ] A 6 (4.14) 


For convenience. 
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w 


E, 


(p 


D 

is 

D 


N { r o} Ae 

4 R Ae 


(4.15) 

(4.16) 


where , 


N 

M 

M 


= first ’m* rows of matrix [a*] , 

= 'm+ 1 ' to 'm+ 1 ' rows of matrix [a*J , and 
= 'm+ 1 ' to ' m+l+m’ rows of matrix [a*J . 


4.2-3 Equation for soil modulus; 

Equation for torque (T) necessary to rotate the 
cylinder hy is given as; 

T = p. r dA 

= ' {p t } t {r,,} Ac +{p 0 } T {*o} Ad + {P B } T { r B) h 

(4.17) 

where, Am is the area of each ring of top surface, and 


A^p — (■ 


D 


2 m 


) -2 »r. 


(4.18) 


T\ D On 1 

(-fe-) • 2 • — • (4^) =TD^-C2j-1) 


2 m 


4m 


(4.19) . 


where, 3 = 1 to m, 

Aq = area of each ring on periphery, and 


H D 

. 2 7C . 

1 2 


rtDH 


(4.20) 
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(where H is the height of the cylinder), 


A-g = area of each ring on bottom surface? 
h 2 

( 23 - 1 ) 


4m 


(4.21) 


where , j = 1 to m. 

Substituting | p T | , fp 0 j and |p B } thus obtained, the equation 
for torque (l) can be written ass 


T = 


3 s*^e 

D 

TChH 


4m ' ' ( r l} + W { r ojj 



i W + ( W { r 4 


Non-dimensionalizing the above equation with the diameter of 
the. cylinder (D), the influence coefficient 10 can be 
written ass 



If in a vane test, the torque T corresponding to a rotation S 
from the linear portion of the torque vs rotation curve, is 
known, the soil modulus B g can be estimated using the known 



values of Iq obtained above 


The equation lor soil modulus, E g is s 



CHAPTER 5 


RESULTS ML CONCLUSIONS 


Por all the analyses of chapters three and four, 
the soil influence coefficients matrix [si} is obtained 
by numerical integration of Kindlin' s equations , on IBM 7044. 

5*1 Mechanism I -Strips: 

In the analysis by vertical strips, for accuracy, if 
i / j, each vertical strip is divided into m subelements. 

The number m is sufficiently large (Pig.5»1) to approximate 
the pressure on each element as an equivalent concentrated 
force acting at its centre. And, if i = j , the soil influence 
coefficients are evaluated using solutions of Louglos and 
Lavis (1964). The solution of Longlas and Lavis together 
with the original Mindlin's equations are given in the Appendix 
at the end. The soil pressures and Iq are plotted as a 
function of n, the number of vertical strips. If n is 
chosen as 20 , an arror of only 5 percent is likely to occur 
in the calculated values of Iq . Por a given n, m equal to 
10 gives sufficiently accurate results. Prom Pig. 5*2 it 
is evident that, the pressure distributions for distances 
less than 0.85 R are independent of n, the number of 
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elements. The pressures tend to infinity assympto lie ally 
as the edge of the vane is reached* 

Values of I are calculated for a range of values 
of H/D , H 0 /D and poisson’s ration , where, H/D = aspect 
ratio of vane, H q /D = dimensionless depth to top of vane. 

Por undrained condition^ = 0.5, "but if the test is done 
slowly, or, under drained conditions, could be less than 
0.5* The effect of poisson's ratio and the depth of the 
vane from the surface on I© is shown in Pig. 5* 3a for 
H/D = 2.0. It is evident from this figure that, Iq values 
are independent ofl^/D ratio for H/D>2.0. Iq values 
decrease with increasing poisson’s ratio ( x> ),. the decrease 
being maximum for 2 J equal to O. 5 . 

Values of I f for different sizes of the vane i.e., 
for different E/D ratios, are presented in Pig. 5* 3b for 
2 ^ = 0.0 and 7 J = 0 . 5 . Iq values increase with H/D ratio, 
because, for larger vane size more torque is needed to rotate 
the vane by the same amount. 

For square tube also, Iq values are calculated for 
a range of values of H/D , H 0 /l) and poisson’s ratio 
keeping n equal to 40 and m equal to 10. As in the analysis 
by vertical strips I© values are independent of H Q /l), the 
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depth of test for H q /D> 2'.0. Also , it is observed 

(Fig. 5*4b)that with increasing poisson's ratio, Iq values 

decrease the maximum decrease being for 2J - 0.5. 

Values of Iq for different tube sizes ( H/D = 4»5?6.0, 

5>9.0, 12.0) are presented in Fig. 5. 4b for i) = 0.0 
and 0.5. Here also, Iq -values increase with H/D ratio. 

The elasto-plastic stress-strain relation is, 
embedded in the analysis and the nonlinear torque -rot at ion 
is obtained as shown in Fig. 5* 5a, considering yielding of 
the soil. If the normal pressure on any element reaches 
the limiting value of cN c , the soil element yields and slip 
is assumed to take place. Torque-rot ation curves are obtained 
for c u /l s = 0.01 and for H 0 /F>5, N c is assumed to be equal 
to 9« The curves are independent of the depth effect, for 
depths > 5 diameters. The pressure with distance from 

the reference vertical line are as shown in Fig. 5»5b for 
different rotations ( 0 )• 

5.2 Mechanism I-Mesh! 

In the relatively more accurate analysis by mesh, 

Iq values are obtained in the same manner as in the analysis 
by strips, and the values of Iq for different poisson's ratio 
2j , and for different vane sizes, at H 0 /l ratios ranging 
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from 1 to 100, are compared with those from the analysis 
by strips in Fig. 5«3* 

Iq values from mesh, for H/D equal to 2.0 , are 
more and for H/D equal to 0.5 and 1.0 are less than those 
from the strips. This is because the assumption(iii) of 
Chapter 3? the pressures along the depth of the vane are 
constant, is not true for larger H/D ratios. For small H/D 
ratios the assumption will hold good. The pressure variation 
with depth is shown in Fig. 5.5b for mesh and the pressure 
values from strips are plotted in the sane figure. However, 
Iq values obtained by the two methods differ only by less 
than 5 percent. 


5.3 Mechamism 11-Cylinder* 


In this analysis, the soil influence coefficient 


matrices 


SI TT, * 


SI 


TO 


, etc., are evaluated by numerical 
integration of Kindlin' s equations. The Kindlin' s equations 
are given in Appendix* The points, where the displacements 
are considered, are chosen for convenience along a radial 
line, on the top and the bottom surfaces, and on the periphery, 
along a vertical line 'joining the ends of the top and bottom 
radial lines. 



43 


Variation of pressures on the top and bottom surfaces, 
and on the periphery are shown in Pig. 5»7« The pressures on 
the top and the bottom surfaces increase with increasing distance 
from the vertical axis of the cylinder. On the periphery, 
the pressures near the top and bottom edges increase 
as sympt otic ally, and those in the middle portion of the 
periphery, are almost constant. It is observed that the 
pressures on the periphery are larger than on flat surfaces 
and yielding may start near the edges of the periphery. 

The effect of poisson's ratio , O , and the depth 
of the vane from the surface on Iq is shown in Pig. 5*8 , 
for H/D = 2.0. Por all values of i} , Iq is independent of 
H 0 /D when H Q /P> 2.0. The torque per unit length for 
cylindrical piles of various non-dimen sionalized lengths (i/D) 
.are obtained from the investigations of Poulos (1975) and 
are given in Table 5.1. It is evident from this table that, 
the torque/unit length of cylindrical pile is constant for 
L/D> 5. The coefficient I Q of Poulos (1975) is related to 
I Q by the equation I@ = 1 /Iq(1 + ^) 2 . 

Table 5.1 


Jj/D 0.25 

0.5 0.7 

1.0 4.0 5.0 

10.0 20 30 

50 ■ 

100 

1 

6.4 

IjZS- I/D 

5-56 4*6 

4.17 5.68 3.51 

3-34 3.343.34 

3.23 

3.23 
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When torque per unit length is constant, 1^ values will 

also he constant with depth. It is also observed from the 

present analysis that, at shallow depths (i.e.. for H /K 2.0), 

> . ^ 

the pressures on the top surface of the cylinder are very small. 
As the depth of embedment increases the pressures on the top 
surface become equal to those on the bottom surface. This is 
the reason for the low values of I at H q /D < 2.0. 

The pressures at the base and at the periphery of 
a cylindrical pile subjected to torsion, are given by 
Poulos (1975). The stresses on the corresponding surface from 
the present analysis are compared with those given by Poulos 
in Pig.( 5-7 ) and found that both are in close agreement. 

The slight differences are due to. the fact that Poulos (1975) 
analysed a pile, the top surface of which is free from 
stresses where as in the present analysis the effect of top 
surface is also taken into account. ' - 

5*4 Comparison of the Two Mechanisms} 

Iq values in the present' analysis are higher than 
those obtained by strips and mesh (Table 5*2 ). This is 
because the normal pressures on the vane blade are small 
compared to the shear stresses on the periphery of the 
cylinder. Therefore, the torque needed will be less in the 
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case of strips or mesh and hence Ig . 


Table 5*2 

Comparison of Iq Values from Mesh and Cylinder 


h/d 

& 

from Mesh 

i 0 

from Cylinder 

0.5 

0.00 

0.7077 

1.9871 

0.5 

0.50 

0.6268 

1 . 6682 

1.0 

0.00 

1.1529 

2.9965 

1.0 

0.50 

1.0000 

2. 6034 

2.0 

0.00 

2.0134 

4.7244 

2.0 

0.50 

1.7210 

4.1846 


5«5 Conclusions! 

The following conclusions are made; 

(.1-). Snowing the linear portion of the torqua-e -rotation 
curve and the diameter of the vane in a particular t@ st the 
soil deformation modulus can be obtained using the ec^auation, . 


T 



( 2 ) Ig values obtained in the two analyses seem to be 
constant with depth (H q /D) for H q /D ratios greater, tlrxan 2. 
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(3) Iq values increase with increasing H/D ratio. 

(4) Iq values decrease with increasing poissons 

ratio . 

( 5 ) The variation of normal and shear stresses 

with radial distance and depth, respectively is evaluated.. The 
stresses are nearly constant with depth, and increase with 
radial distance tending to infinity near the edge of the 
vane blade. 

(6) The square tube can also be used to determine 
the soil deformation modulus, using the Iq values obtained 
in this thesis. 
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APPENDIX 


1. Mind lin* s Equations ; 


Horizontal point load Q acting beneath the surface 
of a semi-inf inite mass (Mindlin , 1936). 



Pig. (A): Horizontal Point load Acting 'Beneath the Surface 
of a Semi -Inf inite Mass. 


Displacement of B (Pig. A) in the x direction ( P ) is; 

A. 
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Displacement of B in the y direction is; 
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2. Equation Given by Douglas and Davis ( 1964 ) s 

The horizontal displacement of any point of a 
vertical plane when a rectangular area with the plane is 
subjected to uniform normal loading (Figure below) is given 
in the following equations! 



Fig.(B); Co-ordinate System for Uniformly loaded 
Rectangles 

u^ and Ug are the displacements of the bottom and top corner 
respectively ' of the rectangle ABCD of Fig. B. 


U 1 = 

and 
u 2 = 
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where p is the uniform pressure distributed are the shaded 
area ABCD i 
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Definition sketch for analysis 
mechanism !- strips 
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*y 

a - Coordinates' of fores in the 
case of vane 

Fig.3.2 Definition sketch for square tube 
related to vane 


Face © 4 y 

b- Coordinates of forces in the 
case of square tube 


Fig. 3.3 



Definition sketch for analysis of vane , 
mechanism I-mesh 




Fig. 4.1 Definition skei 
mechanism II 





Variation of pressure with distance for different n in the 
analysis of vane mechanism 1- strips m= i0 __________ 
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ig. 5-7(b) Variation of pressure with depth of the 
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